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Colorectal cancer (CRC) is the third most commonly diagnosed cancer and third leading cause of cancer death in the United States. 1 Three to five percent of all newly diagnosed CRCs are attributable to Lynch syndrome (LS) (also known as hereditary nonpolyposis colorectal cancer). 2, 3 LS is caused by a germline mutation in one of the four DNA mismatch repair proteins (MLH1, MSH2, PMS2, or MSH6) that results in progressive accumulation of genetic defects conferring cancer susceptibility. 4 Mutations are autosomal dominant and result in high lifetime risk for CRC, endometrial cancer, and other cancers. 4, 5 Identification of CRC patients with LS may optimize CRC treatment and cancer surveillance, [6] [7] [8] [9] and allow for early identification of family members who are asymptomatic carriers that results in reduced cancer-associated morbidity and mortality. [10] [11] [12] Recently, there has been marked interest in screening all patients with newly diagnosed CRC for LS through routine laboratory testing. 3, 4, [13] [14] [15] In this approach, a patient's CRC specimen is screened for pathologic or molecular features consistent with LS, and, if the screen is abnormal, the patient is referred for genetic counseling and confirmatory testing. Screening for evidence of mismatch repair can be completed by testing for presence of high microsatellite instability or by testing for abnormal absent expression of one or more of the four DNA mismatch repair proteins affected by LS using immunohistochemistry (IHC). 3, 16 Prior research has demonstrated that the universal screening approach is 69-100% sensitive and 80-94% specific for identifying patients with LS 3, 4, 17 Moreover, this approach may identify patients who would not be identified as having high risk for LS on the basis of clinical criteria such as the Bethesda guidelines, which require a clinician to screen for LS by evaluating age at presentation, family history, and morphologic features of a patient's CRC specimen. 3, 4, 18, 19 The Centers for Disease Control and Prevention recently asked the Evaluation of Genomic Applications in Practice and Prevention Working Group, a panel of independent experts, to review evidence to support widespread universal screening of patients with CRC as an approach to identifying individuals with LS. The Evaluation of Genomic Applications in Practice and Implementation of routine screening for Lynch syndrome in university and safety-net health system settings: successes and challenges Prevention Working Group concluded that there was sufficient evidence to recommend offering genetic testing for LS to individuals with CRC, mainly because such testing may allow for detection of asymptomatic relatives who are LS carriers. 15 Subsequently, an international panel of LS experts has supported the universal screening strategy, 13 evidence supporting effectiveness of universal testing for identifying CRC patients with LS has been strengthened, 3 and a recent analysis concluded that a universal screening approach employing IHC for absence of one of the four DNA mismatch repair proteins is cost effective. 12, 20, 21 Despite enthusiasm for the universal screening approach, outside of specialized cancer centers, few groups have implemented screening programs, 22 and little is known about how to ensure high-quality screening processes.
14 Universal screening is challenging because multiple steps are involved in the screening process. 15 CRC resections or biopsies must be systematically subjected to microsatellite instability and/or IHC testing. Abnormal screening results must be followed up with genetic counseling, and often genetic testing. Genetic work-up results need correct interpretation and may need to be incorporated into clinical care in timely fashion, such as to allow planning for subtotal versus extended colectomy if indicated. 7, 8 Given the complexity of universal screening, and a lack of reports on implementing this approach, more data are required to understand the ultimate potential impact of widespread implementation. Experience with other complex screening processes such as breast cancer screening has demonstrated that the ultimate effectiveness of intended screening may be highly dependent on how well cancer screening processes are implemented. 14, 23, 24 In 2010, we implemented a routine screening protocol at our university and safety-net health systems with the goal of screening all patients with CRC aged 70 and younger for absence of one of the four DNA mismatch repair proteins associated with LS using IHC, and completing all clinically indicated follow-up for patients with abnormal screening results. In this report, our aims were to determine the impact of implementing this protocol on the detection of patients with LS, and to describe the challenges to successful implementation of routine screening we encountered.
MAteRIALs And MetHOds study setting
We conducted a retrospective cohort study of all patients diagnosed with CRC since the initiation of routine screening at UT Southwestern Medical Center, as well as at Parkland Health and Hospital System, both in Dallas, Texas. UT Southwestern is a 270-bed tertiary care university health system that mainly cares for insured patients and is home to the National Cancer Institute-designated Simmons Cancer Center. Parkland is a 960-bed tertiary and safety-net health system that is the main provider of health care for uninsured and Medicaid patients residing in Dallas County, TX. Parkland is also closely affiliated with UT Southwestern's Cancer Center and shares many primary-and specialty-care providers. Both UT Southwestern and Parkland maintain cancer registries that have been approved by the American College of Surgeons Commission on Cancer.
Routine testing protocol
We initiated our screening protocol (Figure 1 ) for LS at both Parkland and UT Southwestern beginning 1 May 2010. The protocol recommended testing all CRC biopsies and resection specimens from patients aged ≤70 years for presence of one of the four DNA mismatch repair proteins (MLH1, MSH2, MSH6, and PMS2), consistent with recommendations from an international consensus conference. 13 The intent of our protocol was to have IHC reflexively ordered by the pathologist after any CRC diagnosis. IHC was performed as previously described, using automated image analysis, with staining of <30% of cells considered abnormal. 25 Antibodies used for IHC were MLH1 (clone, G168-728, 1:300, BD Biosciences, San Jose, CA), MSH2 (clone, G219-1129, 1:20, Cell Marque, Rocklin, CA), MSH6 (clone, 44, 1:100, Cell Marque), and PMS2 (clone, A16-4, dilution 1:250, BD Biosciences).
No further follow-up was required if expression of all four DNA mismatch repair proteins was normal. If IHC results were abnormal, the patient was contacted by a genetic counselor to schedule a counseling visit to discuss further testing. The testing laboratory submitted a weekly report of all IHC results to the genetic counselors, who contacted patients with abnormal results to schedule counseling visits. At the genetic counseling visit, a complete family history was taken, and further genetic testing was pursued as recommended by National Comprehensive Cancer Network clinical practice guidelines for management of patients with suspected LS. 6 Analysis of the mismatch repair genes performed at Myriad Genetic Laboratories (Salt Lake City, UT) and Mayo Medical Laboratories (Rochester, MN) consisted of full-sequence determination by long-range and nested PCR of all genes performed in both forward and reverse directions comprising all exons and adjacent noncoding intronic base pairs for the MLH1, MSH2, MSH6, and PMS2 genes. Myriad Genetic Laboratories analysis of deletions and duplications consisted of microarray comparative genomic hybridization analysis of all coding exons of MLH1, MSH2, MSH6 and the clinically relevant 3′ region of the EPCAM gene. Deletions and duplications of the PMS2 gene were assessed using multiplex ligation-dependent probe amplification at Myriad Genetic Laboratories. Mayo Medical Laboratories analysis of deletions and duplications consisted of gene dosage analysis by either multiplex ligationdependent probe amplification or Southern blot of all MMR genes and EPCAM. BRAF V600E and MLH1 promoter methylation analyses were performed at ARUP Laboratories (Salt Lake City, UT). The BRAF V600E mutation analysis consisted of DNA isolation from microdissected tumor tissue, amplification for exon 15, and use of pyrosequencing for mutation detection. MLH1 promoter methylation analysis consisted of DNA isolation from microdissected tumor tissue followed by amplification of a segment of the MLH1 promoter region using methylationspecific real-time PCR. The MLH1 methylation level is calculated by comparison to the amplification of a reference gene.
After discovering a high rate of missed reflexive IHC initiation after CRC diagnoses, we changed our protocol beginning February 2011 such that the genetics team monitored tumor Original research article board logs of all newly diagnosed cases of CRC and compared the list of tumor samples analyzed against the institution's tumor registry. Our genetics team then alerted the pathology laboratory if IHC had not been completed and ensured that IHC was performed. Our routine screening protocol is summarized in Figure 1 .
Patient selection
For this report, we identified all patients aged 18-70 diagnosed with CRC at either health system from 1 May 2010 through 1 May 2011. Patients with CRC were identified by querying cancer registry records at both institutions. Patients who had CRC diagnosed at outside institutions, and no subsequent CRC biopsies or surgical resections at either health system, were excluded from analysis.
data collection
During the study time period, both institutions used the comprehensive EPIC electronic medical record to record all patientcare activities, including operative reports, clinical progress notes, and laboratory results. For each patient, data abstracted from the electronic medical and cancer registry records included sex, race, ethnicity, age, date of initial diagnosis, site/ location of tumor, Surveillance Epidemiology and End Results general summary stage, treatment timing, and vital status.
Outcome assessment
To examine the impact of implementation of universal screening for LS, we determined the outcomes of screening among patients with abnormal IHC testing and the rate of high-quality screening, and characterized challenges to high-quality screening.
Outcomes among patients with abnormal IHC screening.
To determine the outcomes of routine screening among patients with abnormal IHC tests, we placed each patient into one of four mutually exclusive categories based on clinical work-up: (i) definite LS, (ii) no LS, (iii) probable LS, and (iv) incomplete work-up (see Table 1 for definitions). In addition, we recorded the number of known relatives of probands diagnosed with LS who underwent genetic testing and counseling, as well as the number of known relatives ultimately diagnosed with LS.
Rate of high-quality screening. High-quality LS screening was defined by one of two processes: (i) completing IHC screening with a normal result, or (ii) completing IHC screening with an abnormal result followed up with completion of genetic counseling and clinically indicated genetic testing. Suboptimal quality screening was defined by either (i) failure to complete IHC screening or (ii) failure to complete genetic counseling and Figure 1 dallas routine screening protocol for Lynch syndrome. Our protocol specified reflex IHC screening for all patients with CRC aged ≤70 years, with reporting of IHC results to the medical record and genetic counselors on a weekly basis. Genetic counselors served as the "quarterback" for all testing, ensuring contact and follow-up of all patients with abnormal results. After initiating the protocol, a suboptimal rate of reflexive IHC was noted, and an added step, in which the genetics team monitored all new CRC diagnoses on a weekly basis to ensure IHC completion was added (see text). CRC, colorectal cancer; IHC, immunohistochemistry; NCCN, National Comprehensive Cancer Network. Challenges to high-quality screening. To characterize challenges to high-quality screening, we reviewed medical records-including clinical care notes-and attempted to determine reasons for suboptimal screening. In addition, we reviewed medical records to determine whether abnormal IHC results were recognized by the patient's treating physicians and surgeons and incorporated into clinical care decisions. Finally, we searched to identify any adverse effects (such as psychological distress) that occurred as a result of routine screening. All outcomes were characterized with descriptive statistics using STATA version 9.1 (College Station, TX) and Microsoft Excel. The study was approved by the UT Southwestern and Parkland institutional review boards.
ResULts
Of 159 CRC patients identified, 129 (81%) met inclusion criteria for this study. Among included patients, 29 were cared for primarily at UT Southwestern and 100 were cared for primarily at our Parkland safety-net hospital. The sample was 36.4% female, and the mean age was 55.7 years. Clinical characteristics of included patients are summarized in Table 2 . Of the 129 patients meeting inclusion criteria, 100 (77.5%) had IHC screening completed.
Outcomes of routine screening
Twelve patients had abnormal IHC screening (Table 3) ; of these, four patients had definite LS ( Table 3) . Of the four patients with LS, two were younger than 40 years of age at CRC diagnosis, two met Amsterdam criteria, and one met Bethesda guidelines, yet none had clinical suspicion for LS raised by treating physicians before completion of IHC screening.
Three patients with abnormal IHC screening clearly did not have LS, including one who had previously been diagnosed with Li Fraumeni syndrome ( Table 3) .
Four patients had probable LS ( Table 3) . Three of the four patients with probable LS had loss of MSH2/MSH6 expression on IHC with an uninformative work-up. The fourth patient with probable LS had a loss of expression of MLH1/PMS2 with normal MLH1 and PMS2 sequencing and negative BRAF mutation and MLH1 promoter hypermethylation analyses.
One patient with abnormal MSH2/MSH6 expression had an incomplete work-up (Table 3) . Therefore, we could not confirm whether or not the patient would fall into the definite or probable LS category.
Ten of 12 patients with abnormal IHC and all four patients with definite LS were diagnosed at our safety-net hospital. To Original research article date, 13 family members of the four probands with definite LS have undergone genetic testing and counseling (seven, two, and four relatives for probands A, B, and D, respectively). Of the 13 relatives tested, six were diagnosed with LS (two, one, and three relatives for probands A, B, and D, respectively).
screening process quality and challenges
Among all patients with CRC (n = 129) who could have been candidates for screening, the screening process was optimal for 77.5% of patients. Figure 2 characterizes screening process success and failures for all patients. The most common failure was due to nonreflexive IHC testing by the pathology laboratory when we first implemented our protocol (n = 28); 23 of 28 failures occurred before having genetic counselors routinely confirm IHC testing for all new IHC diagnoses. We noted several additional challenges to optimal delivery of routine screening. Five of 12 patients with abnormal IHC (cases B, C, E, J, and L) had sufficient colonoscopy biopsy tissue to perform screening before surgery but did not have testing performed until after surgery, on the resection specimen. Two of these patients (cases B and C) were ultimately diagnosed with LS but had undergone hemicolectomy by the time of diagnosis. Four of 12 patients (cases A, D, G, and H) with abnormal IHC had screening completed on colonoscopy biopsy presurgery, but IHC results were not optimally incorporated into surgical decision making. Case G was inappropriately offered extended colectomy before genetic testing for LS; ultimately, she refused and was subsequently confirmed to not have a mutation. Cases A and H had abnormal IHCs that were not resolved before surgery; case A was confirmed to have LS. Case D had optimal management, in that LS was diagnosed presurgery, and extended colectomy was offered to the patient, although he chose a more limited resection.
One patient faced significant logistical challenges after LS diagnosis. This patient was an uninsured, non-Dallas County resident, and therefore was not eligible for our health system's medical assistance program for the uninsured. Thus, despite receiving a LS diagnosis and specific surveillance recommendations, he was unable to obtain annual colonoscopy surveillance or follow-up care at our health systems.
dIsCUssIOn
We studied outcomes of implementation of a routine screening approach as part of usual CRC care for identifying patients with LS, as well as challenges to a high-quality screening process. After just 1 year, among 100 CRC cases that had IHC performed, we found four patients with definite and four patients with probable LS. Through testing relatives of our four probands with definite LS, an additional six mutation carriers were identified. The 4% rate of definite LS among patients with CRC we observed is very similar to the 3% rate reported by the largest pooled data analysis of strategies for detecting LS. 3 Evaluation of our screening process revealed several challenges to high-quality routine screening, including an initial high failure rate to initiate reflexive screening, failure to consistently incorporate abnormal screening results into clinical decision making, and inability to follow up with one patient with an abnormal screen. Several screening process successes were also notable. For example, all but 1 of 12 patients with abnormal screening results received appropriate genetic counseling and testing in follow-up.
A high rate of appropriate follow-up occurred although nearly all of the patients were underserved patients cared for at our safety-net health system. The underserved, uninsured, and minority patients disproportionately cared for at safety-net health systems are often the last to benefit from innovations in cancer diagnosis and treatment-our report shows that routine screening can be delivered to this group, and that underserved patients can complete appropriate genetic testing and bring in unaffected relatives for genetic screening. We speculate that our success among underserved populations may be attributable to our model for delivering genetic counseling services. Rather than asking patients to come to a university cancer center clinic location separate from the safety-net health system campus, our genetics team visits patients in the same physical clinical location as where medical oncology consultations are provided. This allows us to use the same staff and facilities that our patients are familiar with, and may increase chances of successful follow-up. Our success in an underserved setting suggests that if clinicians and health systems caring for underserved populations offer routine screening for LS it may yield similar results to those observed in research settings.
Although multiple studies have demonstrated that the yield of universal screening for identifying patients with LS is both substantial and superior to the use of clinical criteria, 3, 4, 13, 19 our study addresses an important gap in the literature regarding challenges to successful implementation of routine screening in usual practice. The need to understand and address challenges to implementation of routine screening in usual practice has been highlighted by two expert groups. 14, 15 A literature review conducted to support a national Centers for Disease Control and Prevention conference on screening implementation 15 and our own review identified just one published study of usual care challenges to high-quality screening. 26 South et al. 26 reported on implementation of universal screening in usual practice at their university medical center. Unexpectedly, only 27% of patients with abnormal screening completed clinically indicated genetic counseling. Ultimately, 2 patients were diagnosed with LS after screening 270 primary CRC patients. Overall, this study raised concerns regarding the ability to accomplish a high rate of clinically indicated genetic counseling and testing after initial abnormal screening, and suggests a need for approaches to ensure high rates of appropriate follow-up. In addition to the concerns highlighted by the South et al. 26 study, the Centers for Disease Control and Prevention conference attendees identified several additional potential challenges to universal screening, including lack of provider knowledge of LS, need for identification of a clinician with primary responsibility for the screening process, need for strategies for evaluating unaffected relatives, lag time between initial CRC diagnosis and molecular screening results, and patient and provider compliance with follow-up after screening. 15 Our protocol and initial reported experience addresses many of these issues. First, we established the genetic counseling team as the "quarterback" for our universal screening protocol to ensure screening completion and subsequent follow-up of abnormal tests. We chose this approach because the genetics team is best positioned to execute best practices and advise patients and clinicians, and because the genetics team has the most vested clinical interest in identifying patients with potential LS. Second, we confirm the Centers for Disease Control and Prevention group's concerns regarding potential for lag time between CRC diagnosis and availability of IHC screening results. Third, we can verify that provider interpretation and management of abnormal IHC results may be a significant issue, given that we found that several patients with abnormal IHC did not have IHC results appropriately incorporated into surgical planning. For example, there was one patient with abnormal IHC who was offered total colectomy before confirmation of LS, exposing the patient to potential harm. Fourth, we identified one uninsured patient with LS who could not be offered access to cancer surveillance. In addition to these concerns, we also note that initial requests for the pathology laboratory to initiate "reflexive" testing may not in practice be reflexive, but this can be addressed by close monitoring of new CRC diagnoses within an institution. Ultimately, although the potential benefit of implementing routine screening is promising, more research and experience is required to ensure that we can implement high-quality universal screening processes in the general population.
14 Several limitations may be considered in interpreting our results. Our universal screening approach was limited to patients with CRC ≤70 years of age based on an international consensus published before the start of our efforts. 13 Since then, at least one study has suggested improved yield for LS detection when universal screening without an age cutoff is used. 3 As such, in our population, we may have underestimated the true prevalence of patients with abnormal IHC and LS. Such bias would have been unlikely, however, to impact our evaluation of the screening process quality. One patient (case F) had abnormal IHC, but further work-up was not pursued at the discretion of the primary medical team because she had previously been diagnosed with Li Fraumeni syndrome. Thus, we cannot exclude concurrent LS, although it would be extremely unlikely for a patient to carry both syndromes. Evaluation of impact of identifying LS carriers on clinical decision making did not extend to subsequent decisions on cancer screening/ surveillance because the study time frame did not allow for these assessments. In contrast to results reported by the largest pooled analysis of LS screening, 3 all of our patients with definite LS met Amsterdam or Bethesda criteria. Although we cannot say with certainty that these individuals would have been referred for screening and diagnosed without routine IHC, we think this would have been unlikely given that review of clinical notes suggests that teams caring for these patients were not actively recording and acting on family history risk information. Our cohort size was modest; larger studies of routine screening implementation, particularly including underserved populations, are needed to verify our results. Strengths of our study include observations from two separate health systems, with outcomes recorded for screening in usual practice, including careful evaluation of the quality of the screening process.
In summary, we successfully implemented a protocol for routine screening of patients with CRC for LS in university and safety-net health system settings. As a result, we identified four patients with definite, and four patients with probable LS within 1 year of protocol implementation, as well as six asymptomatic relatives who are mutation carriers. We also demonstrated a high rate of appropriate follow-up among patients with abnormal screening in a setting where most patients were underserved and cared for at a safety-net health system. Our screening process evaluation identified several challenges to high-quality implementation of universal testing, including ensuring completion of reflexive testing by the pathology laboratory, complete follow-up of all patients with abnormal screening results, and timely incorporation of screening results into clinical decision making. Despite these challenges, we found that an approach using the genetic team as the "quarterback" for ensuring reflexive testing completion and follow-up of abnormal screening can result in largely successful implementation of routine screening. Our findings can be used to aid in the development of usual care protocols for routine screening implementation and to inform future research in this area.
